Pediatric de novo acute myeloid leukemia (AML) is an aggressive malignancy with current therapy resulting in cure rates of only 60%. To better understand the cause of the marked heterogeneity in therapeutic response and to identify new prognostic markers and therapeutic targets a comprehensive list of the genetic mutations that underlie the pathogenesis of AML is needed. To approach this goal, we examined diagnostic leukemic samples from a cohort of 111 children with de novo AML using single-nucleotide-polymorphism microarrays and candidate gene resequencing. Our data demonstrate that, in contrast to pediatric acute lymphoblastic leukemia (ALL), de novo AML is characterized by a very low burden of genomic alterations, with a mean of only 2.38 somatic copy-number alterations per leukemia, and less than 1 nonsynonymous point mutation per leukemia in the 25 genes analyzed. Even more surprising was the observation that 34% of the leukemias lacked any identifiable copynumber alterations, and 28% of the leukemias with recurrent translocations lacked any identifiable sequence or numerical abnormalities. The only exception to the presence of few mutations was acute megakaryocytic leukemias, with the majority of these leukemias being characterized by a high number of copy-number alterations but rare point mutations. Despite the low overall number of lesions across the patient cohort, novel recurring regions of genetic alteration were identified that harbor known, and potential new cancer genes. These data reflect a remarkably low burden of genomic alterations within pediatric de novo AML, which is in stark contrast to most other human malignancies.
Pediatric de novo acute myeloid leukemia (AML) is an aggressive malignancy with current therapy resulting in cure rates of only 60%. To better understand the cause of the marked heterogeneity in therapeutic response and to identify new prognostic markers and therapeutic targets a comprehensive list of the genetic mutations that underlie the pathogenesis of AML is needed. To approach this goal, we examined diagnostic leukemic samples from a cohort of 111 children with de novo AML using single-nucleotide-polymorphism microarrays and candidate gene resequencing. Our data demonstrate that, in contrast to pediatric acute lymphoblastic leukemia (ALL), de novo AML is characterized by a very low burden of genomic alterations, with a mean of only 2.38 somatic copy-number alterations per leukemia, and less than 1 nonsynonymous point mutation per leukemia in the 25 genes analyzed. Even more surprising was the observation that 34% of the leukemias lacked any identifiable copynumber alterations, and 28% of the leukemias with recurrent translocations lacked any identifiable sequence or numerical abnormalities. The only exception to the presence of few mutations was acute megakaryocytic leukemias, with the majority of these leukemias being characterized by a high number of copy-number alterations but rare point mutations. Despite the low overall number of lesions across the patient cohort, novel recurring regions of genetic alteration were identified that harbor known, and potential new cancer genes. These data reflect a remarkably low burden of genomic alterations within pediatric de novo AML, which is in stark contrast to most other human malignancies.
copy number alterations ͉ single-nucleotide-polymorphism (SNP) ͉ microarray ͉ candidate gene resequencing ͉ loss-of-heterozygosity (LOH) L eukemia results from multiple genetic and epigenetic alterations within hematopoietic stem cells (HSCs) or progenitors that alter their normal self-renewal, proliferation, differentiation, and apoptotic pathways (1) (2) (3) . These alterations include point mutations, gene rearrangements, deletions, amplifications, and a diverse array of epigenetic changes that influence gene expression. For most leukemias the full complement of oncogenic lesions remains to be defined.
To define the lesions in acute leukemia, we recently used single-nucleotide-polymorphism (SNP) microarrays to perform genome-wide DNA copy-number and loss-of-heterozygosity (LOH) analyses on primary leukemic blasts from pediatric patients with acute lymphoblastic leukemia (ALL) (4, 5) . These studies identified a high frequency of genetic alterations of key regulators of B lymphoid development and cell cycle in B-progenitor ALL. More recently, similar approaches have been used to explore the type of copy-number alterations (CNAs) in adult myeloid malignancies (6) (7) (8) (9) , although these studies have used relatively low resolution platforms.
We have now extended these analyses to pediatric de novo acute myeloid leukemia (AML). AML comprises 15-20% of the acute leukemias diagnosed in this age group and remains a challenging disease with an inferior treatment outcome compared to ALL. Despite the introduction of new drugs and allogeneic bone marrow transplantation, overall cure rates in most contemporary treatment protocols remain below 60% (10) (11) (12) .
Like pediatric ALL, de novo AML is a heterogeneous disease composed of different genetic subtypes with distinct clinical features and responses to contemporary therapies. The best characterized subtypes include the core-binding factor leukemias (t (8;21) (13) (14) (15) (16) (17) , the full complement of cooperating lesions remains to be defined. The identification of the complete complement of genetic lesions within AML will not only improve our understanding of the molecular pathology of acute leukemia, but should also directly impact diagnosis and risk stratification, and may lead to the identification of new targets against which novel therapies can be developed.
We report the results of a study of genome-wide DNA CNAs, LOH, and targeted gene resequencing analyses on primary leukemic blasts from 111 pediatric AML patients. Our data demonstrate that, in contrast to pediatric ALL, de novo AML is characterized by a very low burden of genomic alterations. Despite the low number of lesions, however, unique recurring regions of genetic alteration were identified that harbor known, and potential new cancer genes. Moreover, the spectrum of CNAs and sequence mutations was found to vary significantly across the different genetic subtypes of AML.
Results

AML Leukemic Cells
Contain Few Copy-Number Alterations. As an initial approach to define the total complement of genetic lesions in pediatric de novo AML, we performed high resolution genomewide analysis on leukemic blasts from diagnostic bone marrow aspirates from 111 patients using both Affymetrix 100K and 500K SNP microarrays (combined resolution of 615K). The leukemias included a representation of the different genetic subtypes of the pediatric de novo AML (in SI Appendix, Tables S1 and S2). Germ line DNA was available for 65 of the patients allowing a definitive identification of somatically acquired CNAs. Two-hundred seven CNAs were detected across the cohort with a mean number of CNAs/patient of 2.38 (range 0-45), with no significant difference in the average number of gains (1.32, range 0-41) and losses (1.06, range 0-12) ( Fig. 1 and SI Appendix, Table S2 ). The frequency of CNAs was similar across the various AML genetic subtypes with the exception of FAB-M7, which had an average of 9.33 CNAs/patient, with the majority consisting of gains (SI Appendix, Table S2 , P ϭ 0.013). Excluding FAB-M7 leukemias the average number of CNAs/de novo AML patient was 1.76. Notably, 34% of the patients lacked any identifiable CNAs (SI Appendix, Table S2 ). Importantly, no association was detected between clinical outcome and the number of gains, losses, total CNAs, or the amount of the genome altered in either univariate or multivariate analysis.
Gene Targets of Recurrent Copy-Number Alterations. Recurrent CNAs within a patient cohort can be used to identify alterations of potential biological significance (driver versus passenger mutations). Surprisingly, when large regions (whole chromosomes or chromosome arms) of gains or losses were excluded the majority of the remaining lesions were nonrecurrent, being identified in only a single patient (SI Appendix, Table S2 ). Using the genomic identification of significant targets in cancer (GISTIC) algorithm (18) , only 5 significant regions of gains and 13 regions of deletion were altered more often than would be predicted by chance ( Fig. 1 B (Fig. 1, Fig. 2 , and SI Appendix, Table S3 ). In addition, we identified 24 other recurrent lesions where the minimal altered regions (MAR) was less than 20 Mb, but fell below statistical significance by the GISTIC algorithm (SI Appendix, Tables S5 and S6) . When broad and focal CNAs were combined the most common affected region was on chromosome 8, band q24, which showed a copy-number gain in 14% of patients ( Fig. 2 and SI Appendix, Table  S6 ). Focal gains were identified in 4 patients, and in an additional 11 patients an increase in copy number was observed either as a result of a larger region of chromosomal gains (1 case), or as the result of trisomy 8. No significant difference in the frequency of this alteration was detected across the different AML genetic subtypes. Interestingly, the MAR targets a locus that was originally identified in a forward genetic screen to identify genes that are required for retinoic acid (RA)-induced myeloid cell differentiation (20, 21) . Retroviral integration into this locus disrupted RA-induced differentiation. The region contains a putative gene referred to as CCDC26, and a highly conserved large intervening noncoding RNA of unknown function (22) . Which of these transcripts normally functions in myeloid differentiation, and whether the identified copy-number changes alter their expression and function remain to be determined.
The MARs in 8 other recurrent CNAs were each limited to a single gene in at least 1 patient, thus identifying the gene as a target of the lesion (SI Appendix, Table S6 ). These included monoallelic deletions involving RUNX1T1 (ETO), a known target of the AMLassociated t(8;21) translocations, MLL involved in 11q23 translocations, FAM20C, which is expressed in hematopoietic cells and is the target of mutations in Raine's syndrome (23) a lethal osteosclerotic bone disease, and the putative tumor suppressors TUSC1 (24) and BCOR (25) , and amplifications of ABCC4, encoding a multidrug resistance membrane protein (26) , MLLT4, a target of the AML-associated t(6;11) translocations (27) , and PRDM5 (28), a putative tumor suppressor. The CNAs of RUNX1T1 were observed in three t(8;21) leukemias, whereas the MLLT4 alteration was detected in 2 patients, 1 with normal cytogenetics and the other with a complex karyotype that did not include a detectable structural alteration of 6q (SI Appendix, Fig. S1 ).
In addition to RUNX1T1 and MLLT4, 7 other genes that are the targets of AML-associated chromosomal translocations were affected by recurrent CNAs, including MYH11, CBF␤, MLL, NSD1, MLF1, ERG, and MYST4 (SI Appendix, Tables S3 and S4 ). Prior studies have demonstrated that focal micro deletions and amplifications can occur near the breakpoints of chromosomal translocations (4, 29) . Consistent with these observations, the CNAs of MYH11 and CBF␤ were observed in cases with inv(16)/t(16;16), and the CNAs of MLL were seen in a subset of cases with MLL translocations (SI Appendix, Fig. S1 and S2 ). On the basis of these observations, we examined whether any other recurrent CNAs of genes were the result of cryptic translocations. Our analysis identified 4 leukemias that expressed the t(5;11)-encoded NUP98-NSD1 chimeric transcript, with 2 having CNAs adjacent to 1 or both genes (SI Appendix, Fig. S2 ) and 2 cases that expressed the t(6;11)-encoded MLL-MLLT4(AF6) chimeric transcript, with associated CNAs involving both genes (SI Appendix, Fig. S2 ). These data indicated that at least 14% of the cytogenetically normal or miscellaneous karyotype subgroups within this cohort contained a cryptic translocation. Whether the CNAs involving MLF1, ERG, and MYST4 are also the result of cryptic translocations remains to be determined.
Copy Neutral Loss of Heterozygosity. The genotypes generated by the Affymetrix SNP array platform enable the detection of regions of somatic copy neutral-loss of heterozygosity (CN-LOH), which may identify reduplication of mutated or aberrantly methylated genes that contribute to tumorigenesis. Prior publications have identified CN-LOH of 11p (involving WT1), 13q (FLT3), and 19q (CEPBA) in AML (30, 31) , and have suggested that CN-LOH is the most frequent lesion in myeloid malignancies, occurring in up to 48% of cases (6, 7) . However, these studies have often failed to compare the SNP genotypes of the tumor to the patient's own constitutional DNA and consequently have been unable to definitively distinguish somatic CN-LOH from inherited homozygosity. We initially performed paired CN-LOH analysis for 60 patients with matched constitutional and leukemia cell DNA and identified only 6 leukemias that contained somatic CN-LOH that were defined by 3 or more contiguous SNPs (SI Appendix, Fig. S3 and Table S7 ). These leukemias included 5 cases with large regions of CN-LOH (chromosome 21, n ϭ 1; 11p, n ϭ 2; 9p, n ϭ 1; and 15q, n ϭ 1) along with a single case with a focal region of CN-LOH on chromosome 8q11 that contained no genes. We next performed unpaired CN-LOH analysis for the 51 patients that lacked constitutional DNA by using the 60 constitutional DNA samples from our AML cohort as a reference pool to eliminate common regions of inherited homozygosity (32) . Because this approach can fail to exclude private regions of inherited LOH, we decided to limit our calls to regions of CN-LOH that were Ͼ20 Mb, thus significantly improving the accuracy of identifying true lesions (SI Appendix, Fig. S3 and S7 ). When the unpaired and paired analyses were combined, we identified somatic CN-LOH in only 13% of the entire cohort, including chromosome 13 (n ϭ 4), 11p (n ϭ 3), 9p (n ϭ 2), and 6p, 8q, 15q, 17q, and chromosome 21 (1 patient each). The 4 leukemias with chromosome 13 CN-LOH had homozygous FLT3-ITD mutations (see below), and the two leukemias with 9p CN-LOH had homozygous deletions of CDKN2A/B that were included in the regions of LOH. Thus, somatically acquired CN-LOH occurs in 13% of de novo AML, with many of the identified lesions targeting genes previously shown to be involved in the pathogenesis of AML.
Integration of Sequence Mutation and Copy-Number Alteration Data.
To gain further insights into the complement of oncogenic lesions in AML, we sequenced genes previously found to be mutated in AML (AML-associated cancer genes, including NRAS, KRAS, PTPN11, FLT3, KIT, RUNX1, CEBPA, ETV6, NPM1, TP53, CDKN2A/B, GATA1, and MLL), along with a subset of the genes targeted by CNAs in this cohort (CCDC26, FAM20C, TUSC1, ERG, IKZF1,  PAXIP1, PTEN, FBXW7, BTG1, XRCC2, BRAF, and LYL1) . Surprisingly, nonsynonymous somatic sequence mutations were only identified in the AML-associated cancer genes ( Fig. 3 and see 
SI Appendix, SI Text).
Forty-seven leukemias contained somatic activating mutations of genes within the RAS-signaling pathway or upstream receptor tyrosine kinases (NRAS, n ϭ 26; KRAS, n ϭ 2; PTPN11, n ϭ 3; FLT3-ITD, n ϭ 15; and KIT, n ϭ 5). Consistent with previously published data, mutations of NRAS were frequent in the core binding factor (44%) and MLL rearranged AMLs (24%) (33) , but were uncommon in other AML subtypes (12%) (P ϭ 0.015) ( Fig.  3 and SI Appendix, Table S2 ). By contrast, mutations in FLT3 were only found in acute promyelocytic leukemia and in patients with a normal or miscellaneous karyotype ( Fig. 3 , P ϭ 0.0015). The mutations in these genes were heterozygous with the exception of 4 leukemias that contained homozygous FLT3 mutations associated with chromosome 13 CN-LOH. Although mutations in these genes are usually mutually exclusive (33), two t(8;21) containing AMLs had mutation in both NRAS and KIT (Fig. 3) . Mutations in CEBPA, RUNX1, ETV6, and MLL partial tandem duplications (MLL-PTD) were also common ( Fig. 3 and SI Appendix, Table S2 ) and were more frequent in AMLs with either a normal or miscellaneous karyotype. For patients with matched constitutional DNA, we were able to show that each mutation was somatic except for CEBPA, which was germ line in 3 of 6 patients (SI Appendix, Table S2 ). Germ line mutations in CEBPA have been previously identified in rare pedigrees of familial AML (34) . Point mutations in the other analyzed AML-associated cancer genes were rare in this patient cohort (Fig. 3 and SI Appendix, Table S2 ).
Importantly, 42% of patients had no point mutations in the 25 genes analyzed, 38% had only 1 gene mutated, 13% had 2 genes mutated, and only 7% had 3 genes with point mutations. Moreover, the frequency of mutations varied across the AML genetic subtypes with a higher number of lesions observed in the cases with normal or miscellaneous karyotypes as compared to the other subtypes (1.36 sequence mutations/patients in normal or miscellaneous karyotypes versus 0.54/patient in other subtypes, P Ͻ 0.0001).
Integration of the CNA/CN-LOH analysis and candidate gene resequencing revealed several important findings (Fig. 3 and SI Appendix, Table S2 ). First, 28% of leukemias with recurrent trans- locations lacked any identifiable sequence or numerical abnormalities. Second, although the FAB-M7 leukemias had the highest number of CNAs per case, they rarely contained point mutations, with only a single patient having a GATA1 mutation. Third, the leukemic cells from AML patients with normal or miscellaneous karyotypes each contained 1 or more alterations, with over 40% of these leukemias containing both CNAs and sequence mutations. These data demonstrate that genomewide copy-number alteration and target gene resequencing complement routine cytogenetic analysis and identify new genetic lesions in more than half of pediatric de novo AMLs (Fig. 3) . However, although new lesions are identified, the total burden of genomic alterations is low, with only 21% of the AML having Ͼ5 lesions (Fig. 4 and SI Appendix, Table  S2 ). This is in stark contrast to results from pediatric ALL where 77% of cases have Ͼ5 lesions excluding point mutations (4, 5).
Discussion
Our analyses of CNAs, CN-LOH, and sequence mutations in pediatric de novo AML identified remarkably few somatic genetic alterations within the leukemia cells. We identified a mean of only 2.38 somatic CNAs per leukemia and less than 1 nonsynonymous point mutation per leukemia in the 25 genes analyzed. Moreover, somatic CN-LOH was observed in only 13% of patients. Even more surprising was the observation that 34% of the leukemias lacked any identifiable CNAs, and 28% of the leukemias with recurrent translocation lacked any identifiable sequence or numerical abnormalities. The only exception to the presence of few mutations was acute megakaryocytic leukemias, with the majority of these leukemias being characterized by a high number of CNAs but rare point mutations.
These data reflect a very low burden of genomic alterations in pediatric de novo AML, which is in stark contrast to most other cancers. Recent studies using similar approaches in pediatric ALL, and adult cancers [lung (35) , pancreatic (36) , glioblastoma multiforme (37, 38) , breast and colon (39, 40) ], have demonstrated a much higher number of CNAs and point mutations, with the majority of these cancers containing a very large number of mutations. Although the possibility exists that AMLs may contain small regions of CNAs that are below the resolution of detection using the combined 100K and 500K SNP platforms, this appears unlikely on the basis of the absence of smaller lesions in pediatric and adult AMLs analyzed using the higher resolution Affymetrix 6.0 microarrays.
It is generally believed that the large number of mutations within cancer cells arise either from inherent genomic instability or as the result of a single mutational crisis. Although we have performed genomewide analysis for only a single type of mutation (CNAs), and have sequenced only a limited number of potential cancer genes, our data suggest that AML may arise in the absence of an increased mutational rate. Moreover, our data raise the possibility that the development of AML may require fewer genetic alterations than other cancers and that a very limited number of biological processes may need to be altered in hematopoietic stem cells, multipotential progenitors, or committed myeloid progenitors to convert them from a normal cell into an acute myeloid leukemic cell. An alternative but not mutually exclusive possibility is that epigenetic changes may play a more predominant role in AML, working in concert with genetic alterations to alter a wider range of biological processes to induce overt leukemia. Detailed genomewide epigenetic analysis and whole genome resequencing will ultimately be required to determine the range of mutations and epigenetic changes required for the development of AML. However, the recent sequence of all coding exons in the DNA of an AML patient's leukemia cells revealed only 10 somatically acquired nonsynonymous mutations in the coding region of annotated genes (41) , suggesting that even with single base pair resolution few mutations may be the rule in AML.
Although the majority of the focal CNAs occurred in only a single case, the recurrent lesions targeted 30 genes known to be involved in cancer, including 21 that have been previously implicated in AML. In addition, many of the recurrent lesions lacked any cancer consensus genes, suggesting that new AML cancer genes exist within the identified regions. A few of the latter lesions target single genes, thereby directly implicating the target genes in AML pathogenesis. The top-ranked recurrent lesion in this category targeted a MAR that contained a putative gene CCDC26, along with a recently described Ϸ10-kb highly conserved noncoding RNA (lincRNA-CCDC26) that resides within an intron of CCDC26 (22) . Interestingly, the lincRNA-CCDC26 resides within 1 kb of the retroviral integration site that disrupted myeloid differentiation (20) . Moreover, multiple transcripts are encoded within this locus and some are normally downregulated during myeloid cell differentiation (20, 21) . Exactly how the AML-associated CNAs affect expression of these transcriptional units and whether their alterations contribute to the development of AML remains to be determined. Nevertheless, the locus is a good candidate to contain gene(s) whose alterations may contribute to the development of AML. Other genes implicated include the known or putative tumor suppressors TUSC1, BCOR, and PRDM5, ABCC4, which encodes a multidrug resistance membrane protein, and FAM20C, a gene expressed in hematopoietic cells that is involved in the pathogenesis of osteosclerotic bone disease. Determining how genetic alterations of these genes contribute to the AML pathogenesis will require direct functional studies on the biological role of the encoded gene products in normal and leukemic hematopoiesis.
The limited number of recurrent lesions and the low frequency of individual recurrent lesions across the cohort are notable and likely reflect the marked heterogeneity among the AML cases that were analyzed. Within the patient cohort, 7 distinct genetic subtypes of de novo AML were included. Each subtype might arise from a different combination of genetic lesions, with the complement of lesions being heavily influenced by the initiating event (a chromosomal translocation in many pediatric de novo AMLs). Our integrated analysis of cytogenetics, CNAs, and sequence mutations is consistent with this interpretation, with marked difference in the spectrum of changes observed across the AML genetic subtypes. Extending the detailed genomic characterization of AML to a large number of leukemias for each individual known genetic subtype of de novo AML should yield valuable information on the spectrum of mutations in this disease. It will also be of interest to see whether the limited number of CNAs and point mutations found in de novo pediatric AML, will also be observed in other subtypes of AML including myelodysplasia-related AML, and secondary AML that results from prior chemotherapy and/or radiation therapy.
Methods
Patients and Samples. Leukemic samples from 111 pediatric AML patients treated at St. Jude Children's Research Hospital (SJCRH) were studied. Written informed consent and institutional-review-board approval was obtained for each patient. No commercial entity was involved in the conduct of the study, the analysis or storage of the data, or the preparation of the manuscript. The authors vouch for the completeness and accuracy of the data and analysis.
Genomic Analyses. DNA extracted from leukemic cells obtained at diagnosis and from samples obtained during remission was genotyped with the use of 50K Hind 240, 50K Xba 240, 250K Sty, and 250K Nsp SNP arrays (Affymetrix) for each sample. Data from all 4 arrays were combined before analysis for the presence of CNAs, resulting in an average intermarker distance of less than 5 kb. SNP array analysis of copy-number alterations and LOH was performed as previously reported (4) and is described in SI. A subset of the identified copy-number alterations was validated using fluorescence in situ hybridization (FISH) or quantitative genomic PCR. The primary SNP data are available upon request. Identifiers for each case are listed in SI Appendix, Table S1 .
Genomic Resequencing of Candidate AML Cancer Genes. Genomic sequencing of exons and adjacent splice sites was performed on the genes listed in the text. A detailed description of the sequencing methods are in SI.
